The energy levels of the scandium atom in all of its stages of ionization, as derived from the analyses of atomic spectra, have been critically compiled. In cases where only line classifications are reported in the literature, level values have been derived. Electron configurations, term designations, l-values, experimental g-values, and ionization energies are included. Calculated percentages of the two leading components of the eigenvectors of the levels are given, where available.
Introduction
At the time of the first compilation of atomic energy levels by Bacher and Goudsmit in 1932, only the first 3 of the 21 spectra of scandium had been studied. By 1949, Moore was able to compile energy levels for the first 12 spectra of scandium. At that time, oxygen was the heaviest atom for which some levels of all stages of ionization were known.
A great amount of new experimental work has been carried out since then, particularly in the higher stages of ionization. Today, experimental results are available for every stage of ionization of scandium. This is the result of the development of more energetic light sources, which was stimulated by the need to interpret new spectroscopic observations of the sun at short wavelengths from rocketand satellite-borne spectrographs. A new impetus for the interpretation of spectra of highly ionized atoms has arisen from the investigation of hot laboratory plasmas generated to achieve controlled nuclear fusion.
These activities have produced a substantial increase in spectroscopic information, particularly for elements of the iron period, making the earlier compilations of energy levels inadequate. The NBS Atomic Energy Levels Data Center has undertaken to provide new compilations of energy levels, including the elements of the iron period. The material on each atom and its ions is being published as a separate paper. A collection of these compilations, with revisions, is planned as one volume for the iron period. Already completed are the compilation for iron by Reader and Sugar (1975) , chromium, vanadium, and calcium by Sugar and Corliss (1977 , 1978 , and manganese, titanium, and potassium by Corliss and Sugar (1977 , 1979a , 1979b . The present work on scandium will be followed by a compilation of the energy levels of nickel.
The present compilation comprises the energy levels of the scandium atom and all of its ions, as derived from analyses of atomic spectra. For many of the ions the original papers do not give energy level values, but only classifications of observed lines. In these cases we have derived the level values. Although generally we used only published papers as sources of data, unpublished data have been included when they constituted a substantial improvement over material in the literature.
Ionization energies found in the literature are usually given in eV or in cm-I • The latest conversion factor 8065.479±0.021 cm-l/eV is given by Cohen and Taylor (1973) .
In a few cases where Rydberg series were available but the ionization energy was not derived, we carried out the calculation. For a large number of ions, no suitable series are known. In these cases we have quoted values obtained by extrapolation along isoelectronic sequences. Although uncertainties are not usually provided with these extrapolated values, they are probably accurate to a few units of the last significant figure given.
Nearly all of the data are the result of observations of various types of laboratory light sources. However, they are sometimes supplemented by data obtained from solar observations. This is particularly true where spin-forbidden lines are needed to establish the absolute energy of a system of excited levels and also where parity-forbidden transitions between levels of a ground configuration are used to obtain accurate relative energies for the low levels. Whenever both solar data and equivalent laboratory data are available preference is generally given to the laboratory measurements in order to avoid the problem of blended lines of various elements in the solar spectrum.
For a convenient source of wavelengths of scandium lines below 2000 A we refer the reader to the compilation by Kelly and Palumbo (1973) . The strong scandium' lines above 2000 A are in the tables of spectral lines by Meggers, Corliss, and Scribner (1975) . When no observations are available to connect independent systems of levels, an estimate of the connecting energy is frequently made. Those levels affected by the estimate are denoted by "+x" following the level values. The value of x is the systematic error of the estimate. For Sc xx and XXI, which are isoelectronic with He 1 and H I, respectively, we gIve only calculated level values since they are much more accurate than experimental x-ray wavelengths from which level values may be obtained.
We have included the results of calculations, under the heading "Leading percentages," that express the percentage composition of levels in terms of the basis states of a single configuration, or more than one configuration where configuration interaction has been included. Where these results contradict an author's designation, we have accepted the theoretical term and configuration labeling of a level to conform with its calculated leading percentages. In some cases these are low and the labeling has less physical meaning.
In the columns of the present tables headed "Leading percentages" we give first the percentage of the basis state corresponding to the level's name; next the second largest percentage together with the related basis state.
Of course, the percentage compOSitIOns cannot be considered to be as reliable as experimental quantities inasmuch as a new calculation using a different approximation, such as the introduction of configuration interaction where none had been used before, might yield a different set of percentages. For some levels the percentages may change drastically in a new calculation. In the present tables, the percentages are taken mostly from published least squares level-fitting calculations. When only ab initio calculations are found in the literature, we have used them if there appears to be a reasonable correspondence with the experimental data. For higher ionization stages there have been fewer publications relating quantitatively the theoretical results to the observations by means of least-squares calculations.
J. Phys. Chem. Ref. Data, Val. 9, No.2, 1980 For configurations of equivalent d electrons, repeating terms of the same LS type sometimes occur. These are theoretically distinguished by their seniority number. In the present compilatIons they are designated in the notation of Nielson and Koster (1963) . For example, in the 3d" configuration there are three 2D terms with seniorities of 1, 3, and 5. These terms are denoted as 2D1, iD2, and iD3, respectively, by Nielson and Koster. Martin, Zalubas, and Hagan (1978) give a complete summary of the coupling notations used here.
In assembling the data for each spectrum, we referred to the following bibliographies: Ionization energy = 52 922.0±0.S cm-I (6.S61S4±0.00006 eV)
The first extensive analysis of Sc I was carried out by , who classified about 3S0 lines between 2690 and 8250 A as combinations among 128 energy levels of nine configurations. The analysis was extended by and Neufeld and Schrenk (1975) , who added 150 newly classified lines and 22 new levels and measured g-values for 98 levels.
Observations of the absorption spectrum of Sc in the range 1200-3200 A were made by Garton, Reeves, Tomkins, and Ercoli (1973) with a measurement accuracy of ±0.0l A.
They identified eight series arising from the 2D ground term in combination with 4s 2 nj 2Fo, 3d4s('O)np 2po, 3d4s(' D)np 2Do, and 3~CF)np 2L· (where L may be D, F, or G). By far the strongest se\ies arises from the 3d4s 2 2D_ 4s 2 nj 2Fo transitions. The three series 3d4s 2 2D_ 3d4s(D)np 2pe were observed to much higher n and were used to derive the ionization energy. Two more series found to converge to the 3d4s('D) limit were identified tentatively as 3d4s 2 2D-3d4s(ID)np 2D e with unresolved 2Do splitting. A final series labeled 3d4s 2 -3d 2 CF)np 2Lo observed from n=7 to IS and much stronger than the 2Do series was reported.
Since L may represent DO, F", or GO terms, the most likely candidate for a strong series is 2Fo and we have used this designation for the series. Many additional absorption features not compiled here were reported with no identification of the upper levels. The first extensive analysis of Sc II was reported by . They classified 142 lines in the range 2540 to 6600 A as combinations among 53 energy levels of eight configurations. Many of these levels were determined to better accuracy by . Neufeld also provided g-values for 18 levels. Johansson and Litzen (1979) have reobserved the spectrum from noo to 10 000 A with a pulsed hollow cathode. They extended the analysis and redetermined the level values. Their results are quoted below. Roth (1969) Ip.
Configuration
4p2 The early work on Sc III was reported by Gibbs and White (1926) , Smith (1927) , and Russell and Lang (1927) .
Two modern analyses of Sc III were published by Holmstrom (1972) Four resonance lines were classified by Kruger, Weissberg, and Phillips (1937) . Smitt (1973) has carried out the extensive analysis quoted here, which confirmed only two of the four resonance lines. The uncertainty of his level values is estimated to be +2 em-I. He calculated the ionization energy with a polarization formula.
The 3s3/Sp Ip. term was observed by Kastner, Crooker, Behring, and Cohen (1977) Ionization energy = 741 000 em-I (91.9 eV)
Measurements by Beckman (1937) (± 10 em-I) and by The values for 3i3p" 2 p. and 353/' 25 are from Smitt (1973) (±0.8 em-I) . The 3p 4 CP)3d terms are taken from Svensson and Ekberg (1968) (± 10 em-I) and the 3p 4(1 D )3d terms from Fawcett and Gabriel (1966) (±20 em-I). The 3/5s terms were identified by Fawcett, Peacock, and Cowan (1968) , whose measurements at 180 A are stated to be The ionization energy was determined by extrapolation by Lotz (1967 The analysis of SC VI was initiated by Beckman (1937) and by Kruger and Pattin (1937) , who reported terms of the 3/3p\ 3s3p", and 3/3l4s configurations. "The 3s3l l po term was found by Edlen (1942) .
The 3i3l3d configuration was observed by Svensson and Ekberg" (1968) and the level values given here (with an uncertainty of about ±5 em-I) are derived from their observations.
The values for the two lower configurations (3/3p4 and 3s3l) are from the more accurate observations of Smitt, Svensson and Outred (1976) .
The 3l4s levels are derived from Beckman (±5 em-I) and the 3l4d and 55 levels are from Fawcett, Peacock, and Cowan (1968) (± 100 em-I). but they are not connected with the present system. We derived the ionization energy from the 3P'\'SO)4s and 5s 'So terms, adopting a value for the change in the effective quantum number between them of 1.0247 obtained from the 3/,ns terms of Cr VI from the analysis of Ekberg (1973 Ionization energy = 1 113 000 em-I (138.0 eV)
The levels are from the work of Ekberg and Svensson (1970) and Smitt, Svensson, and Outred (1976) . The levels for the 313/ and 3s3/ configurations are taken from the latter paper and have an uncertainty of about ±2 cm-J • We have combined these values with the measurements and classifications given by Ekberg and Svensson in the wavelength range of 182-598 A to derive new level values for the 3/3d and 4s configurations. Most of the wavelengths used by Ekberg and Svensson are taken from Beckman (1937), Pattin (1937), and . The uncertainty of these upper levels is about ± 10 em-I. Since no intersystem transitions have been observed, all of the doublets have an added systematic error "x," relative to the ground term 4S·. The value of x depends on the accuracy of calculations by Smitt, Svensson and Outred and is expected to be less than ±20 em-I.
The ionization energy is from an extrapolation by Lotz (1967) .
Sc VIII

Z=21
Si I isoelectronic sequence Ground state: 1/2/2/'313/ :Ip o Ionization energy = 1 275 000 cm-I (158.1 eV) The study of this spectrum was initiated by , who classified fifteen lines as transitions between the ground term and three odd terms 3s3p'1 :IS·, 3i3p3d l po and 3s"3p4s :Ip.. found 3/3/ I D2 and 3s3l'p~. Fawcett, Gabriel, and Saunders (1967) extended the 3/-3p3d array; added to the 3i3/-3s3l array. identified lines in 3p3d'-3p4/ which are not connected with the other levels. Ekberg and Svensson (1970) reanalyzed the spectrum using a compilation of wavelengths between 164 and 572 A. Smitt, Svensson, and Outred (1976) Ionization energy = 1452 000±1000 cm-I (180.03±0.1 eV)
The initial work on the analysis of this spectrum was by by Beckman (1937) . About a third of Beckman's identifications were corrected by .
Using the earlier measurements, Ekberg and Svensson (1970) reanalyzed the spectrum between 90 and 540 A and identified all the remaining terms given here. They extrapolated the position of 3s3p2 'Ip along the isoelectronic sequence. Since no intersystem transitions have been observed, we use their extrapolation to establish the energy of ""Pili relative to the ground level. The error is indicated by
x. Smitt. Svensson, and Outred (1976) The initial work on the analysis was done by Beckman (1937) and Parker and Phillips (1940) . Ekberg (1971) , using wavelengths between 76 and 470 A, taken from the papers above, has redone the analysis and determined all the levels given in this compilation except the 3/ IS, the 3p3d, and the 3p4f levels. These are taken from . The singlets and triplets have not been connected by observations. Ekberg has estimated the value for 3s3p ;lp~ used here by interpolation along the isoelectronic sequence. The uncertainty "x" is less than 1000 em-I.
Ekberg derived the quoted value for the ionization energy by extrapolation.
Configuration
Term J Ip. Only resonance lines between 20 and 31 A are classified by this system of energy levels. Edlen and Tyren (1936) identified transitions from the 2/3s and 3d configurations. We derived the ionization energy by application of a Ritz formula to the 2/2/ep~l2)nd 2[3/2]" series for n=3, 4, and 5. The result is in agreement with the value given by Edlen and Tyren. Fawcett (1965) observed three transitions arising from 2p:;4d and from 2s2/'3p Ip~. Feldman and Cohen (1967) observed eight transitions, including those reported by Fawcett. We have adopted the more accurate values of Feldman and Cohen.
In order to determine the coupling for the 2/35 and 2p"3d levels, we calculated these configurations by using for the radial integrals, Hartree-Fock values scaled according to fitted values in AI IV by Artru and Kaufman (1975 for 2/3d in this sequence. However, it also put in question the identification of the resonance lines assigned to the 2p"3d configuration. The total spread of the calculated levels of J= 1 is 53 120 em-I compared with the observed value of 98 900 em -I. The percentages given for these levels are from this calculation. Kastner, Behring, and Cohen (1975) identified transitions between 2/3p and 2p"4d, but there is no connection with the levels given here. Ionization energy = 6 103000 cm-I (756.7 eV)
The first work on this spectrum was by Fawcett (1965) , who classified lines of the 2i21-2i2p 4 3s and 3d transition arrays between 24 and 28 A. This work was' revised and extended by Feldman, Doschek, Cowan, and Cohen (1973) , from whose improved wavelengths the 3s and 3d levels are determined. Their estimated uncertainty of +0.01 A gives a level uncertainty of +2000 em-I, The ground term interval is from Fawcett, Burgess, and Peacock (1967) , who identified the 2S~p5_2s2p6 doublet at -134 A. The uncertainty of these 3 levels is -500 em -1.
The composition of the 2p 4 3s and 2p 4 3d levels is from Chapman and Shadmi (1973) .
The 2s213s 2p. term is from Feldman et al. (1973) . The ionization energy was obtained by extrapolation by Lotz (1967 Goldsmith, Feldman, and Cohen (1971) . The J=O and 1 levels of the ground term could not be resolved at these wavelengths. then observed the 2/2/-2s2/, array at 150 A and resolved the ground term. We have determined the levels of the 2s2/, configurations from his measurements with an uncertainty of + 200 em -I. The levels of 2/2i~ are adopted from Edl(~n's (1972) reevaluation of the data for this isoelectronic sequence. These are probably accurate to ± 50 cm -I. Since no intersystem transitions have been observed, we based the singlet system on Edlen's extrapolated value for 2p4 ID. Its uncertainty is probably ±100 em-I.
The 2s2/, I p~_2/ISO transition was reported by Fawcett, Galanti, and Peacock (1974) .
Improved measurements of the 2p4_2P' 1 3s array were obtained from Doschek, Feldman, and Cohen (1973) .
A revised analysis of 2p4-2/3d by is adopted here. A level uncertainty of ±3000 cm-I is indicated. The subsequent revisions of this array proposed by Bromage and Fawcett (1977) , following a new calculation, are regarded as tentative and the levels put in question are omitted pending further study.
The ionization energy was evaluated by Lotz (1967) by extrapolation.
Sc: XVI Z=21 C I isoelectronic sequence
Ground state: 1i2i2/ :Ipo Ionization energy = 8 140000 cm-I (1009 eV)
The 2i2/-2s2l array was observed by between 130 and 202 A. New measurements and some revised classifications were given by , who also identified 2s2l-2/ lines in the same region. The levels of 2l2/, 2s2p,\ and 2p~ are derived from the data of Fawcett and of Fawcett and Hayes and have an uncertainty of ± 100 cm -I. All levels of the higher configurations are from the measurements of Goldsmith, Feldman, Crooker and Cohen (1972) at 20-22 A with an estimated uncertainty of ±0.005 A, giving a level uncertainty of ± 1000 em-I.
\ No intersystem combinations have been observed.
Goldsmith et al. extrapolated the position of 2llD2 to 123900 em-I. Fawcett and Cowan (1975) obtained an extrapolated value of 123 400 em-I. We have used the mean of these values as the reference value for the singlet system. Goldsmith et al. identified two quintet transitions but they are not connected to the triplet system.
The ionization energy is from the extrapolation by Lotz (1967) .
501
Sc XVII Z=21 B I isoelectronic sequence
Ground state: 1/2/2p 2p~12 Ionization energy = 8820000 em-I (1094 eV) analyzed the transition arrays oJ .,
' )
ei 2s-2p-2s2p' and 2s2p -2p' found between 143 and 211 A.
Their wavelength uncertainty is ±0.02 A gIVIng an uncertainty in the levels of ± 100 em-I. The quartet system is based on an interpolation between the predictions of the position of the . IP Ii2 level of 2s2/ in Ti XVIII by Kasyanov et al. (1974) and in Ca XVI by Kononov, Koshelev, Podobedova, and Churilov (1975) . The levels of 2p3p and 2p3d are also from the classifications made by Fawcett and Hayes of wavelengths at -19 A. The level uncertainty in this case is ±3000 em-I.
Sc XVIII
Z=21
Be I isoelectronic sequence Ground state: 1/2/ lSI) Ionization energy = 9780000 em-I (1213 eV) have identified the resonance transition 2s 2 "lSo-2s2p IPi'. The resonance transition from 2s2plp7 has not been 'observed. EdUm (1979) has made an extensive study of the Be I isoelectronic sequence and has proposed values for the 3p· term of 2s2p obtained by interpolation. We have adopted his values and combined them with the classifications of Fawcett and Hayes to obtain the higher-lying configurations. From their wavelength uncertainty of ±O.Ol A and an equal uncertainty assumed for Edh!n's interpolations, we estimate the level uncertainty to be ±3000 em-1 • The ionization energy was obtained by Lotz (1967) The first observations were reported by Goldsmith, Feldman, Oren, and Cohen (1972) , who identified the transitions to 2s from 3p, 4p, and 5p and to 2p from 3s, 3d, 4d, and 5d in the range of 11-19 A. These results were extended by Boiko, Faenov, and Pikuz (1978) to include transitions through 7p and 8d.
In a comprehensive review of all the available data for the Li I isoelectronic sequence derived smoothedout values for all the wavelengths and new values for the energy levels through 4d' These are given below and combined with the classifications of Boiko et al. to obtain the higher-lying levels. The uncertainty for both sets of data is estimated to be about ±0.003 A or -1500 em-I.
Edlen derived the value for the ionization energy by means of a polarization formula applied to the 2p-nd series.
Sc xx
Z=21
He I isoelectronic sequence Ground state: 1/ IS" Ionization energy = 45 773 660±200 cm-I (5675.26+0.03 eV)
The theoretical values calculated by Ermolaev and Jones (1974) for the singlet and triplet Sand P terms of this twoelectron ion are expected to be more accurate than the observed values, and we have quoted them up to n=5. The uncertainty of the ionization energy and level values was estimated to be of the order of ±40 em-I, but this should probably be increased to several hundred em-I. For comparison, the Ii -ls2p transition of this ion has been observed by Boiko et al. (1978) in a laser-produced plasma. They plaee ls2p'P~ at 34 660 000 cm -I and Is2p I P~ at 34820000 em-I.
